Introduction
Alagille syndrome (AGS), additionally known as arteriohepatic dysplasia, syndromic bile duct paucity and Alagille-Watson syndrome, is a highly variable autosomal dominant disease which affects the liver, heart and other parts of the body (1, 2) . AGS is one of the familial intrahepatic cholestatic syndromes associated with jagged 1 (JAG1), neurogenic locus notch homolog protein 2 (NOTCH2), uridine phosphorylase glucuronosyltransferase family 1 member A1 (UGT1A1), adenosine triphosphatase phospholipid transporting 8B1 (ATP8B1), adenosine tripshosphate-binding cassette, sub-family B member 11 (ABCB11) and adenosine tripshosphate-binding cassette, sub-family B member 4 (ABCB4) genes, and is one of the important causes of intrahepatic cholestasis in infancy (3) (4) (5) . The incidence of AGS is ~1 in 70,000 newborns with neonatal jaundice (6) , and the mortality rate is ~17% (7) . AGS is the result of JAG1 mutations; however, the inherited pathogenic variants only account for 30-50% of all cases, with the remaining 50-70% of cases being de novo pathogenic variants (8) (9) (10) . Traditionally, a diagnosis of AGS requires three of the five primary clinical features, or two features if the patient has a positive family history. The five primary clinical features are: Chronic cholestasis, cardiac disease, skeletal abnormalities, ocular abnormalities and a characteristic facial phenotype (11) . However, following the demonstration that mutations in the JAG1 gene cause AGS (11, 12) , the diagnostic criteria has been modified; if an individual carries a harmful mutation in the JAG1 gene, AGS may be diagnosed even in the absence of clinical manifestations.
JAG1 and NOTCH2 genes are associated with AGS. Pathogenic mutations in JAG1 and NOTCH2 genes may impair the Notch signaling pathway, which is an evolutionarily conserved, intercellular signaling mechanism essential for healthy embryonic development (13) (14) (15) (16) . The majority of AGS cases (~90%) are caused by a detrimental mutation in the JAG1 gene (17) . The JAG1 gene encodes a ligand of the notch receptor which is a key signaling molecule on the cell surface, and a component of the highly conserved Notch signaling pathway (14) . Mutations located in almost all regions of the 26 exons of the JAG1 gene have been identified, and the majority are pathogenic variants. It has been reported that the pathogenic mutations of JAG1 include missense mutations (11%), nonsense and frame-shift mutations (69%), pathogenic splice site mutations (16%), and deletion of the entire JAG1 gene (4%) (8, 9, 11, 12, (18) (19) (20) (21) (22) (23) (24) (25) (26) . A few reported cases (<1%) have been caused by a mutation in the NOTCH2 gene (17, 27 (27) . The remaining three pathogenic variants are splice site mutations, frame-shift variants and nonsense variants (28, 29) . Preparation of DNA. Peripheral blood was obtained from the proband and his healthy parents. Genomic DNA was extracted from the blood using a blood DNA extraction kit (QIAamp DNA Blood Midi kit; Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocol.
Materials and methods

Ethics
Targeted region capture sequencing. To construct the capture library, DNA was sheared randomly by sonication using an LE220 Focused-Ultrasonicator (Covaris, Inc., Woburn, MA, USA); fragments of 200 to 250 bps were retained and subsequently purified by Ampure Beads (Beckman Coulter, Inc., Brea, CA, USA) according to the manufacturer's protocol. Following this, the two ends of the purified fragments were repaired, bound to A base and ligated with adapters. DNA fragments were subsequently amplified by ligation-mediated Sanger sequencing for validation. The samples of the three individuals in this pedigree were used for validation. The primers were designed using Primer 3 software version 4.0.0 (primer3.ut.ee). PCR amplification and Sanger sequencing were conducted to validate the candidate mutation (human JAG1; locus, NM_000214; c.3254_3255insT) using standard protocols on an ABI 3730XL sequencer (Applied Biosystems). The forward primer for JAG1 was 5'-TTGGTGGTGTTGTCCTCAGA-3' and the reverse primer was 5'-AGGGATAAAGGGCAGGAGAA-3' (product size, 244 bp). PCR amplification was performed using Ex Taq ™ DNA polymerase (Takara Bio, Inc., Otsu, Japan) with an initial predenaturation step at 95˚C for 5 min, followed by 33 cycles of denaturation at 95˚C for 30 sec, annealing at 58˚C for 30 sec, extension at 72˚C for 30 sec and a final extension at 72˚C for 7 min. PCR products were pooled and subsequently purified with an AxyPrep DNA Gel Extraction kit (Axygen Biosciences, Inc., Union City, CA, USA) according to the manufacturer's protocol.
Results
Mutation screening. Targeted region capture sequencing of the proband in a Chinese family with chronic intrahepatic cholestasis linked with JAG1, NOTCH2, UGT1A1, ATP8B1, ABCB11 and ABCB4 genes was performed. The reads were aligned with the human genome reference. The average depth of the target region was 186.55-fold and the coverage of the target region was 99.67%. A total of 10,277 genetic variants were revealed, including 10,132 SNPs and 1435 indels. Of the variants, there were 758 missense, 3 nonsense, 1087 synonymous, 248 splice site, 7047 intron and 2188 3' untranslated region (UTR) mutations, 311 5'UTR and 8 frame-shift coding indels that were more likely to be pathogenic compared with the other variants. Priority was given to frame-shift, non-synonymous and splice site mutations. Using a preliminary screening process, ten candidate sites were revealed (Table I) . Considering the frequency in the public and in-house databases, nine other candidate sites were excluded. A novel Table I . Targeted sequence capture sequencing. insertion mutation, c.3254_3255insT (p.Leu1085PhefsX24), was identified in exon 26 of the JAG1 gene in the proband. The mutation in the JAG1 gene was selected for further validation, as it is known to be the disease-causing gene.
Sanger sequencing. The mutation was subsequently sequenced in three members of the family via Sanger sequencing. The results of Sanger sequencing demonstrated that the mutation was present in the proband but absent in unaffected members (Fig. 3) . The mutation results in a premature stop codon and a truncated protein, which affects the Notch signaling pathway, influencing multi-system development in the embryonic period.
Discussion
Originally, the proband was diagnosed with chronic intrahepatic cholestasis, which is a syndrome characterized by jaundice, pruritus and hepatomegaly. His serum levels of bilirubin, alkaline phosphatase, cholesterol and other indicators were greater compared with normal values (31) . The primary function of the liver is the formation and secretion of bile, which is necessary for lipid digestion. However, cholestasis is a condition where bile does not form or does not flow from the liver to duodenum, and may be caused by numerous factors. In the process of bile formation, environmental factors, including viral hepatitis and intrahepatic cholestasis of pregnancy, may lead to hepatocellular cholestasis. However, the present study primarily focused on genetic factors. To investigate the underlying mechanisms of chronic intrahepatic cholestasis, chip capture high-throughput sequencing was performed on the DNA of the proband and Sanger sequencing was conducted to validate the candidate mutation in this family. A novel frame-shift variant was identified in the JAG1 gene, which is the primary pathogenic gene of AGS. AGS, linked with the JAG1 and NOTCH2 genes, is associated with dysfunction of the liver, heart, skeleton and eyes, and a characteristic facial appearance. The underlying pathogenic mechanisms remain unclear; however, these may be attributed to haploinsufficiency (32) (33) (34) (35) (36) (37) . A dominant-negative effect of putative truncated proteins is an additional potential pathogenic factor (34) . The majority of mutations in the JAG1 gene lead to a truncated protein, impairing its ability to attach to the cell membrane, and disrupting the Notch signaling pathway, which is involved in embryonic development. JAG1 protein is the ligand of the Notch receptor, and binding triggers a cascade of proteolytic cleavage that releases the Notch intracellular domain (NICD) from the plasma membrane. The NICD translocates to the nucleus, where it forms a complex with the DNA binding protein C-promoter binding factor 1, suppressor of hairless, lin-12 and glp-1 (CSL). Components of the activated complex are recruited to NICD-CSL, which may lead to the transcriptional activation of Notch target genes (15, 16) . The Notch signaling pathway has been reported to be linked to AGS, and is important in cell fate determination in Drosophila melanogaster and Caenorbabditis elegans (13, 38, 39) . It is highly conserved and essential for proper embryonic development in all metazoan organisms. Furthermore, the JAG1 protein is a key signaling molecule on the cell surface. The present study demonstrated that an insert mutation causes a premature termination codon that encodes a truncated protein. The truncated protein has a dominant negative effect in in vitro cell culture systems and in vivo transgenic Drosophila melanogaster (35, 40, 41) . The truncated protein lacks the transmembrane region necessary for the protein product to embed in the cell membrane and contribute to signaling. The conserved region of the JAG1 protein includes a signal peptide (aa:1-21; cDNA:414-477), a delta-serrate-lin12-like region (aa:186-230; cDNA:972-1104), EGF-like repeats (aa:235-863; cDNA:1119-3003), a cysteine rich region (aa:864-1003; cDNA:3006-3423) and a transmembrane (TM) domain (aa:1069-1094; cDNA:3621-3696) (8, 42) . The mutation identified in the present study, c.3254_3255insT (p.Leu1085PhefsX24), is located in the TM region.
In conclusion, the present study identified a de novo heterozygous mutation c.3254_3255insT (p.Leu1085PhefsX24) in exon 26 of the JAG1 gene, which may be responsible for AGS in the proband. In addition, these data expanded the genotypic spectrum of JAG1 mutations associated with AGS, and provided evidence that gene detection may be used for clinical diagnosis. Additionally, these results suggested that targeted region capture sequencing is a reliable, cost-effective and accurate clinical molecular diagnosis method and may improve the accuracy of clinical diagnosis for AGS and associated disorders.
